Nest-defence behaviour of passerines is a form of parental investment. Parents are selected, therefore, to vary the intensity of their nest defence with respect to the value of their o¡spring. Great tit, Parus major, males were tested for their defence response to both a nest predator and playback of a great tit chick distress call. The results from the two trials were similar; males gave more alarm calls and made more perch changes if they had larger broods and if they had a greater proportion of sons in their brood. This is the ¢rst evidence for a relationship between nest-defence intensity and o¡spring sex ratio. Paternal quality, size, age and condition, lay date and chick condition did not signi¢cantly in£uence any of the measured nest-defence parameters.
INTRODUCTION
Nest predation is the single most important variable a¡ecting reproductive success in many passerine species (Ricklefs 1969; Martin & Roper 1988; McCleery & Perrins 1991) . The reproductive success of an individual parent depends on it producing o¡spring and protecting them until independence, as well as surviving to reproduce during the rest of its lifetime (Wiklund 1995 (Wiklund , 1996 ). An individual must, therefore, choose the appropriate responses to predators posing a threat to its o¡spring, itself or both.
The most consistent pattern found in studies of avian nest defence has been an increase in the level of the parental response to predators from clutch initiation to £edging (e.g. Biermann & Robertson 1981; Regelmann & Curio 1983 ; Montgomerie & Weatherhead 1988; Wiklund 1990a ). This supports the prediction from parental investment theory (Trivers 1972 ) that parents should risk more in defence of young that are more valuable to them. The intensity of nest defence is also expected to be positively correlated with brood size because the bene¢ts of deterring a predator will increase with o¡spring number (Williams 1966; Wiklund 1990b) . Parents are also selected to vary their level of investment between sons and daughters, depending on the ¢tness costs and bene¢ts accruing through each of the o¡spring sexes. In sexually dimorphic species, such as the great tit, Parus major (Perrins 1963) , the larger sex (males in this case) may cost more to produce than the smaller sex. Fisher (1958) suggested that under such conditions the sex ratio should be biased towards individuals of the smaller sex. Hence, at the time of £edging, o¡spring of the more expensive sex represent a greater individual reproductive value to the parents than o¡spring of the cheaper sex. Male-biased broods might, therefore, be defended more vigorously than broods containing more females.
Our study aimed to examine the e¡ects of sex ratio and brood size on the nest-defence behaviour of male great tits. Defence behaviour of the great tit is exhibited for o¡spring protection, not only self-preservation. Adult great tits defend only at their own nest and not at the nests of their neighbours, where they remain silent (Shalter 1979) .
METHODS

(a) Sampling
We studied a nest-box-breeding population of great tits in Marley Wood, Oxfordshire. All nest-boxes were monitored regularly throughout the 1998 breeding season to determine clutch size and lay date of each egg. Breeding males were trapped at the nest, using automatic spring-powered traps, on day 7 (day 1 was the day of hatching) or later. The age of each male was determined from plumage (Svensson 1992) and in the analysis birds were classi¢ed as one year old or older. The following biometrics were determined for all captured males: (i) tarsus length (from the nuchal notch to the furthest extension of the leg, with the foot held at a right angle, in millimetres); (ii) mass (to 0.1g on a Pesola balance); and (iii) breast-stripe width across the sternum (in millimetres).
Nests were inspected every three days following hatching of the ¢rst egg. All chicks were weighed, measured and ringed on day 15, when a blood sample was also obtained by brachial venipuncture (under licence from English Nature and the Home O¤ce). Blood samples were kept cool in the ¢eld and then stored in the laboratory at ¡20 8C until DNA extraction.
(b) Molecular sexing
Since the sex of great tit nestlings cannot reliably be determined from morphological characteristics, a DNA test for sex was used (see Radford & Blakey (2000) for details of protocol).
(c) Nest-defence trials
We examined the response of 23 male great tits to a model great spotted woodpecker, Dendrocopos major, which is a natural predator of great tit nests but not of adults (Perrins 1979) . The stu¡ed specimen was attached to the front of the nest-box, in an upright posture with the bill horizontal and the wings folded over the tail, and a taped recording of a great spotted woodpecker call was started below the nest-box. The observer retreated 5 m to avoid being perceived as a threat to the nest and the attending adults. After 30 s the response of the defending male was recorded for a 3-min trial; data collected included latency of response, number of alarm calls, number of perch changes, and a continuous visual determination of distance from the nest. Each nest was tested once, between 09.00 and 11.00 on day 16 of the nestling period. Trials took place only when the weather was not inclement.
A great tit chick distress call was recorded on day 17 of the nestling period. We examined the defence response of the same 23 male great tits to this recorded call and to the presence of an observer (who might be regarded as a threat to both nestlings and adults). We assumed that the intensity of the response would re£ect the response to any potential predator. Previous studies have shown a signi¢cant correlation between the response of parent birds to a human intruder and model predators (Eckert & Weatherhead 1987) , and that parent birds which respond more vigorously to humans su¡er lower nest predation (Andersson et al. 1980; Greig-Smith 1980) . The observer sat beneath the nest-box with the tape recorder. As in the model predator experiment described above, 30 s were allowed to elapse before the 3-min trial was begun. The same nest-defence parameters were collected as before. Each nest was tested once, between 09.00 and 11.00 on day 17.
One of us ( J.K.B.) measured and ringed the chicks and the other (A.N.R.) completed all the observations in both sets of ¢eld trials. Since the nestlings were only sexed following the completion of the ¢eld experiments, nest-defence responses were recorded blind to knowledge of brood size and sex ratio.
(d) Statistical analysis
All analyses of nest-defence parameters were performed using MINITAB v.12 (Minitab Inc. 1998 ). The number of alarm calls and perch changes were Poisson distributed, and were therefore square-root transformed. If a male returned during the trial, the actual number of alarm calls and perch changes recorded was increased proportionally, to ensure a standard measure between males. Sex-ratio data were proportional and were therefore arcsine square-root transformed before inclusion in parametric models. Both chick and adult condition were the residuals from regression of body weight on tarsus length. Brood condition was taken as the average condition of all chicks in the brood. For each measure of nest defence, a general linear model was performed, which initially included each of the tested parameters. Non-signi¢cant variables were sequentially removed to create a minimal adequate model. The remaining variables were then tested in a sequential sum-of-squares model.
Analyses of brood sex ratios were performed using GLIM v. 4 (NAG 1993 ). The null model was speci¢ed with the number of males in a brood as the dependent variable and brood size as the binomial denominator, using binomial error distribution and a logit link. The backward-deletion procedure for model simpli¢cation was followed (Crawley 1993 ).
RESULTS
There were strong positive relationships between the number of alarm calls and the number of perch changes (nˆ23, r 4 0.72, p 5 0.01), and between the mean and closest approach distances (nˆ23, r 4 0.68, p 5 0.01). None of the other correlation coe¤cients di¡ered signi¢-cantly from zero (nˆ23, r 5 0.25, n.s.).
Both the number of alarm calls (table 1, ¢gure 1a) and the number of perch changes (table 1) made by the defending male were signi¢cantly positively correlated with o¡spring sex ratio in both the great spotted woodpecker (GSW) trial and the chick distress call (CDC) trial. Brood size signi¢cantly positively predicted the number of alarm calls given by the defending male in both trials (table 1, ¢gure 1b) and the number of perch changes made in both trials (table 1). The latency of response of the returning male was also signi¢cantly predicted by brood size in both trials (table 1). In both trials, the interaction term between brood size and sex ratio was found to signi¢cantly predict both the number of alarm calls (table 2) and perch changes (GSW trial: F 1,22ˆ1 4.96, p 5 0.005; CDC trial: F 1,22ˆ9 .74, p 5 0.01). There was no signi¢cant relationship between brood size and o¡spring sex ratio (F 1,22ˆ2 .08, pˆ0.164).
Male breast-stripe width did not signi¢cantly in£uence any nest-defence parameter in either trial (table 1) . Likewise, there was no signi¢cant e¡ect of male age, condition or tarsus length, lay date or chick condition on any of the ¢ve defence measures in the GSW trial ( 
DISCUSSION
The results show a signi¢cant in£uence of o¡spring sex ratio and brood size on the nest-defence behaviour of male great tits. Both the number of alarm calls and the number of perch changes (which are strongly correlated) increased signi¢cantly with the proportion of males in the brood as well as with brood size. As brood size was not correlated with sex ratio, broods with a greater proportion of male chicks were defended more vigorously than those of the same size containing more females. The signi¢cant interaction term suggests that the e¡ect of these two variables is additive.
Since the population sex ratio did not di¡er signi¢-cantly from unity, the sexual size dimorphism of nestling great tits is unlikely to be su¤ciently large to have a direct in£uence on defence intensity. There are two other potential explanations for the relationship between o¡spring sex ratio and nest-defence intensity. The ¢rst is that pairs are able to adjust their brood sex ratios (Gowaty 1991) . For example, females mated to`goodquality' males, who are more vigorous nest defenders, might lay male-biased clutches if their male o¡spring bene¢t in some way. Possible bene¢ts, from inherited good' genes, include an increased likelihood of sons obtaining extra-pair copulations or of obtaining and defending a good territory. This explanation may be unlikely since there was no evidence of a skewed sex ratio within broods in relation to male condition, breast-stripe width, tarsus length, or lay date. Also, male breast-stripe size, which is considered an indicator of male quality (Norris 1993) , did not signi¢cantly predict any measures of nest-defence intensity in this study. However, there may be another indicator of male quality used by females in mate choice.
As an alternative to the above, fathers may assess the proportion of males in a brood. Little is known about the proximate cues used by parents to discriminate between o¡spring sex, but the di¡erential allocation of parental care towards o¡spring of di¡erent sexes does occur (e.g. Stamps et al. 1987; Gowaty & Droge 1991; Nishiumi et al. 1996) . Adults may assess the amount of provisioning given relative to the brood size, and thus derive an idea of brood sex ratio. Other possibilities are that young males and females start begging at di¡erent ages or beg at di¡erent rates (Teather 1992) , or that the begging calls of the sexes di¡er acoustically, as occurs in young zebra ¢nches, Taeniopygia guttata (Balda, cited in Stamps et al. 1987) . A recent study by Lessells et al. (1998) found no signi¢cant e¡ect of experimentally manipulated o¡spring sex ratio on the nest-defence intensity of male great tits. However, that study only analysed the closest approach distance of the defending male. Similarly, our study also found no signi¢cant e¡ect of this measure. This is not unexpected, because the closest approach distances of defending adults in a woodland-nesting species depend on the topography surrounding the nest site.
An increase in nest-defence intensity with increased brood size has been found in a number of other studies (Robertson & Biermann 1979; Greig-Smith 1980; East 1981; Knight & Temple 1986; Wiklund 1990b) , although previous work on great tits has produced equivocal results (Regelmann & Curio 1983; Curio & Regelmann 1987) . In theory, the larger the brood, the greater the proportion of genes contributed to the lifetime reproductive output of the parent. This assumes that birds know their average clutch size, and hence value a current brood with reference to it. There is evidence that clutch size is, to some degree, inherited (Noordwijk et al. 1980) and that short-term modi¢cations of clutch size induced by environmental conditions are also heritable (Perrins & Birkhead 1983) . Brood defence should, therefore, be geared to brood size relative to deviations from individual expected values, not to the population average. The best test of the e¡ect of brood size on defence intensity would be to examine the parent's ability to adapt the defence level to experimentally manipulated brood size (e.g. Wiklund 1990b ). In this study we have assumed that risk-taking behaviour, such as defence against nest predators, may be explained in terms of the reproductive value of o¡spring. Dale et al. (1996) , however, point out that there are two alternative explanations: the parent's own vulnerability to predation, and the harm that o¡spring would su¡er if they were left alone. Most likely, all three explanations are relevant to any species, but their relative importance will vary according to a number of variables, including breeding condition, type of predator and relative value of current versus future reproduction. The experimental design may also in£uence which bene¢t is detected. Future work should, therefore, take this into account as well as using experimental manipulations in an e¡ort to distinguish between the potential competing hypotheses suggested by our results.
